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Abstract. Glycomics continues to be a highly
dynamic and interesting research area due to
the need to comprehensively understand the bi-
ological attributes of glycosylation in many impor-
tant biological functions such as the immune re-
sponse, cell development, cell differentiation/ad-
hesion, and host-pathogen interactions. Although
matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (MS) has proven to
be suitable for glycomic profiling studies, there is

a need for improved sensitivity in the detection of native glycans, which ionize inefficiently. In this study, we
investigated the efficiencies of graphene nanosheets (GNs) and carbon nanoparticles (CNPs) as MALDI
matrices and co-matrices in glycan profiling. Our results indicated an enhancement of signal intensity by several
orders of magnitude upon using GNs and CNPs in MALDI analysis of N-glycans derived from a variety of
biological samples. Interestingly, increasing the amounts of CNPs and GNs improved not only the signal
intensities but also prompted in-source decay (ISD) fragmentations, which produced extensive glycosidic and
cross-ring cleavages. Our results indicated that the extent of ISD fragmentation could be modulated by CNP and
GN concentrations, to obtain MS? and pseudo-MS?® spectra. The results for glycan profiling in high salt solutions
confirmed high salt-tolerance capacities for both CNPs and GNs. Finally, the results showed that by using CNPs
and GNs as co-matrices, DHB crystal formation was more homogeneous which improved shot-to-shot repro-

ducibility and sensitivity.
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Introduction

lycosylation is one of the most essential post-translational

modifications of proteins, which plays a major role in
many biological functions, including protein folding, cell divi-
sion, tumor immunology, and signal transduction. Changes in
glycosylation have also been associated with a wide range of
human diseases, and the monitoring of such changes can be
effectively employed for disease diagnosis and prognosis [1—
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6]. Therefore, structural identification of glycans, including
glycosidic and cross-ring characterization, at high sensitivity
is essential for the understanding of their interactions within
biological specimens, and also for the evaluation of the thera-
peutic efficacy of disease treatments.

Among the different analytical methods that have been
reported for glycan analysis, MS techniques coupled with a
variety of dissociation techniques, including high- or low-
energy collision-induced fragmentation (CID), post-source de-
cay (PSD), infrared multiphoton dissociation (IRMPD), elec-
tron excitation dissociation (EED), electron capture dissocia-
tion (ECD), electron transfer dissociation (ETD), and electron
detachment dissociation (EDD), have proven to be a powerful
tools for glycan profiling [7—17]. In this regard, MALDI offers
several advantages over other ionization techniques, mainly
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ease of operation, short analysis times, modest sample size
requirements, and relative simplicity of spectral interpretation
[12, 18, 19]. However, due to the complexity of glycan struc-
tures and their low abundance and low ionization efficiency
relative to the peptides and proteins, there are still challenges to
be addressed in the direct analysis of glycans by MALDI-MS.
Therefore, the utilization of novel matrix materials for both the
selective enrichment of glycans and the improvement of their
ionization efficiencies are necessary to facilitate direct and
effective MS measurements of glycans.

Owing to the superior physicochemical characteristics of
nanomaterials, their importance has become increasingly evi-
dent over the past decade. Among these materials, carbon-
based nanomaterials such as graphene nanosheets, carbon
nanotubes, and carbon nanodots have attracted the most atten-
tion as outstanding MALDI matrices, because of their excellent
optical absorption, superior electrical properties, and low back-
ground interference [20-28]. Efficient energy absorption and
transfer facilitate the desorption process, thus enhancing MS
signal intensity compared with traditional organic matrices.
The proficiency of these materials can also be enhanced by
using binary matrices (e.g., carbon dots/9-aminoacridine and a-
cyano-4-hydroxycinnamic ac-id/graphene) which improved
detection sensitivity and shot-to-shot reproducibility by pro-
ducing more homogeneous co-crystallization matrix layers [21,
27]. Carbon nanomaterials have also been demonstrated to be
an excellent class of sorbent materials for extraction and en-
richment of a variety biological molecules such as amino acids,
polyamines, peptides, steroids, DNA, and carbohydrates [22,
25, 28-30].

Even though MALDI is considered a soft ionization pro-
cess, in-source decay (ISD) still typically occurs in the MALDI
source during the ionization process, producing fragment ions
that complicate spectra [31]. Although they make interpretation
of spectra more complex, they can be helpful in glycan profil-
ing and structural identification. An additional benefit provided
by ISD fragmentation is the potential for pseudo-MS> experi-
ments. The degree of ISD fragmentation is dependent on matrix
materials and laser intensity, and the more control that can be
exerted on the process, the more useful it is. Liang et al. studied
the effect of iron oxide nanoparticles on the ISD of five model
glycans including glucose, sucrose, isomaltotriose,
maltoheptaose, and f-cyclodextrin [32]. Abundant glycosidic
and cross-ring cleavages by ISD were observed, which indi-
cated that the matrix provided strong energy transfer to the
sample. However, pseudo-MS? analyses and the possibility of
controlling the degree of ISD were not investigated. Further-
more, ions representing a loss/gain of 42 Da (CH,CO) and
60 Da (CH3;COOH) were observed in abundance for both
precursor and product-ions, which resulted in more complex
MS spectra.

To date, there have been no prior investigations into the
potential benefits of utilizing carbon-based nanomaterials as
matrices or co-matrices for MALDI-MS analysis of native and
permethylated glycans. In this study, we investigated the effi-
ciencies of GNs and CNPs as MALDI matrices and co-matrices
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for the profiling of glycans from model glycoproteins and
human blood serum. Owing to the properties of carbon-based
nanoparticles that promote superior absorption of glycans, for
purification, and absorption of laser energy, for the transfer of
energy to analytes for MALDI-MS analyses, they demonstrate
a capacity for multifaceted roles. Further, we are also the first to
probe the potential for the use of carbon-based nanoparticles to
facilitate pseudo-MS? analyses for pure glycan samples.

Experimental Section
Materials

Carbon nanoparticles, graphene nanosheets, ribonuclease B
(RNase B), fetuin from bovine serum, human alpha-1 acid
glycoprotein (AGP), and human blood serum were purchased
from Sigma-Aldrich (St. Louis, MO). Microspin columns were
purchased from Harvard Apparatus (Holliston, MA), and
PNGase F with 10 x G7 reaction buffer (0.5 M sodium phos-
phate) was obtained from New England Biolabs (Ipswich,
MA). HPLC grade water, ethanol, and acetonitrile (ACN) were
used for the preparation of samples.

Sample Preparation Methods

N-Glycans were released from RNase B, fetuin, AGP, and
human blood serum according to a previously reported method
[16]. Briefly, model glycoproteins or human blood serum were
mixed with G7 buffer and denatured in an 80 °C water bath for
30 min. After cooling to room temperature, PNGase F diges-
tion followed in a 37 °C water bath for 18 h. Released N-
glycans were purified by precipitation of peptides and proteins
by addition of 90% ethanol and incubation at —20 °C for
30 min. Purified glycans were then reduced and permethylated
as described in previous reports [16, 33, 34].

For matrix preparation, CNPs and GNs (2 mg of each) were
dispersed in 1 mL of an ethanol/water (1:1, v/v) solution with
sonication for 10 min prior to use. The solutions were then
mixed, at concentrations determined to be optimal, with an
equal volume of 20 mg mL ™' DHB (2,5-dihydroxybenzoic
acid) to form binary matrices. A total of 0.5 uL of the resulting
suspensions were added to the MALDI plate, followed by the
addition of 0.5 puL of the sample solutions. The efficiencies of
CNPs, GNs, and DHB as MALDI matrices were also investi-
gated separately by adding 0.5 ul of each matrix solution to the
MALDI plate.

Purification of Glycans Using CNPs and GNs

A total of 10 ul of CNP or GN suspensions (0.2 ug ul ™" in 10%
ACN) was pipetted into a 10-pul aliquot of analyte solutions,
which were prepared in 10% aqueous CAN solution. The
mixtures were sonicated for 10 min, to facilitate glycan absorp-
tion, followed by high-speed centrifugation at 14.8 K rpm for
10 min to collect glycan-loaded CNPs or GNs. The superna-
tants were removed, and the black aggregates were washed
with water and re-suspended in 10 pl of 10% ACN. Finally,
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1 pl of the suspensions was mixed with 1 pl of DHB prior to
MALDI analysis.

Instrumentation

Transmission electron microscopy (TEM) (Hitachi H-8100)
was used to characterize the surface morphology of CNPs
and GNs. Raman spectra were measured with a SENTERRA
dispersive Raman microscope spectrometer (Bruker Optics). A
SHIMADZU UV-1800 spectrophotometer was used for UV-
Vis measurements. MALDI-TOF-MS analyses were carried
out using a 4800 MALDI TOF/TOF analyzer (AB SCIEX)
equipped with a pulsed Nd:YAG laser at an excitation wave-
length of 355 nm. For each MS spectrum, 1250 laser shots were
fired (50 sub-spectra, 25 shots per sub-spectrum). The mass
spectra analyzed using Data Explorer 4.9 software (AB
SCIEX). GlycoWorkbench software was employed for MS
data interpretation.

Results and Discussion

Characterization of Matrix Materials
and Reproducibility of Acquired Signals

The optical and structural properties of CNPs and GNs were
investigated by TEM, UV-Vis, and Raman spectroscopy anal-
yses. TEM images of CNPs and GNs are shown in Figs. Sla
and S1b, respectively. The TEM images display that the CNPs
are monodisperse with average diameters of 50.7+0.02 nm,
whereas GNs possess a transparent sheet structure with an
average thickness of 2.3 +0.07 nm and an average lateral size
0f 706.1 £0.03 nm. The UV-Vis absorption spectra (Fig. Slc)
of CNPs and GNs indicated that both CNPs and GNs have a
broad absorption peak from 250 to 375 nm (MALDI laser
radiation at 355 nm, falls within this range), which corresponds
to a m—7* transition of aromatic sp> domains [20]. As can be
observed, CNPs have a higher molar absorptivity over the UV-
Vis region. Raman spectra of CNPs (Fig. S1d) and GNs (Fig.
Sle) show a G-band at 1590 cm ', which is related to in-plane
vibration of sp? carbons [35]. The results verified the -
conjugation structures of CNPs and GNs, which facilitate the
absorption and transfer of laser energy.

In general, heterogeneous crystallization of matrix materials
results in poor shot-to-shot reproducibility, and the signal to
noise ratio of a MALDI mass spectrum is highly dependent on
the spot that is irradiated by the laser. As can be seen in
Figure 1a, DHB tends to form large needle-shaped crystals
near the rim of the target plate, when using the dried-drop
method at atmospheric pressure. Although crystallization was
improved under the vacuum by minimizing the evaporation-
driven flux [36, 37], still some small crystals formed near the
rim (Figure 1b). In contrast, when CNPs were utilized as a
matrix (Figure 1c¢) or co-matrix (Figure 1d), more homoge-
neous layers were formed. Comparable results were observed
when GNs were used as a matrix (Figure le) or co-matrix
(Figure 1f); however, due to the greater dispersibility of CNPs
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Figure 1. The optical images of the spots (a) DHB dried at
atmospheric pressure, (b) DHB dried under vacuum, (c) CNPs
dried at atmospheric pressure, (d) DHB + CNPs, dried at atmo-
spheric pressure, (€) GNs dried at atmospheric pressure, (f)
DHB + GNs, dried at atmospheric pressure

and their narrow particle size, matrix materials crystalized in a
more homogenous fashion. To illustrate the poor reproducibil-
ity of DHB, N-glycans derived from RNase B (a model glyco-
protein containing five high mannose structures) were investi-
gated. The relative standard deviations (RSD) of the normal-
ized peak heights for the five major glycoforms of RNase B
were 22.9, 16.3, 10.3, 18.7, and 15.5, acquired five times by
automatic measurements on a single spot. On the contrary, the
RSD results for RNase B glycans using CNPs as co-matrix
were 6.7, 4.6,2.8,5.2, and 4.1, which confirmed enhancement
of shot-to-shot reproducibility.

Performance of Matrices for Glycan Profiling

In the interest of evaluating the performance of GNs and CNPs
as MALDI matrices, N-glycans derived from 100 ng of RNase
B were first chosen as a representative sample. Similar to the
DHB, CNPs and GNs demonstrate interference-free back-
grounds in the mass range that most glycans are found within,
m/z 700-5000 (Fig. S2). Figure 2 depicts the obtained MS
profiles with all corresponding glycan structures represented
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Figure 2. MALDI-TOF-MS profiles of N-glycans derived from 100 ng of RNase B using (a) 10 ug DHB, (b) 1 ug CNPs, (c) 1 ug GNs,
(d) 10 ug DHB + 0.025 pug CNPs, (e) 10 ug DHB + 0.05 ug GNs. Symbols: m , N-acetylglucosamine; © , galactose; ¥ , fucose; @ ,

mannose; ¢ , N-acetylneuraminic acid

as cartoons. As can be seen in Figure 2a, the use of DHB,
which is commonly used for MALDI analysis of glycans,
resulted in the five high mannose glycans of RNase B being
detected as [M + Na]" adducts at relatively low intensity. How-
ever, when CNPs (Figure 2b) and GNs (Figure 2c) were
utilized as MALDI matrices improved, signal intensities were
observed as well as ISD fragmentations that produced glyco-
sidic and cross-ring cleavages. These observations are indica-
tive of highly efficient energy absorption and transfer by the
matrix materials. To investigate the possibility of controlling
the degree of ISD during measurements, to obtain easily
interpreted spectra, a lower concentration of matrix materials
(Fig. S3a) and laser intensities (Fig. S3b) were used. As it is
shown, the intensities and the number of detected peaks de-
creased with concentration and laser intensity, although the
fragment ions are prominent in the spectra.

Further, to test the performance of GNs and CNPs as co-
matrices, DHB was mixed with these carbon nanomaterials
prior to MALDI analyses. The signal intensities were increased
by several orders of magnitude, with almost no noticeable ISD
fragmentation using either CNPs-DHB (Figure 2d) or GNs-
DHB (Figure 2e) matrices. By comparison of the obtained
results, CNPs-DHB demonstrated the best analytical perfor-
mance with the highest signal-to-noise ratios. As it was
discussed above, in comparison with GNs, CNPs have a higher

laser adsorption efficiency and smaller particle size, which
improves energy absorption and transfer. Moreover, the higher
dispersibility of CNPs enhances MS sensitivity, through the
formation of more homogeneous layers of analytes on the
MALDI plate (Figure 1d) [20].

The correlations between the glycan concentrations and
signal intensities are shown in Fig. S4a. The intensities related
to Man5 structure were selected to depict the correlations. As
can be seen, the signal intensity increases as the amount of
spotted glycan sample increases. The data fit polynomial
curves for N-glycans derived from 5 to 1 pg of RNase B with
correlation coefficients (R?) better than 0.99.

The effect of CNP and GN concentrations on glycan profil-
ing, when used as co-matrices, were also investigated. Interest-
ingly, by increasing the amount of CNPs (Figure 3a) and GNs
(Figure 3b), signal intensities were improved with a simulta-
neous increase in the degree of ISD fragmentation. Extensive
glycosidic and cross-ring cleavages were observed at higher
concentrations of CNPs and GNs, whereas peaks indicative of
five intact glycans dominated the spectra at lower concentra-
tions. The relative abundances of RNase B glycans acquired
using these matrices, at different concentrations, were com-
pared with previously reported NMR data [38]. The data are
shown in Figures 3¢, d, for DBH-CNPs and DHB-GNs matri-
ces, respectively. Although there are differences between the
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Figure 3. MALDI-TOF-MS profiles of RNase B glycans using DHB mixed with different amounts of (a) CNPs, (b) GNs. Relative
abundance of RNase B glycans recorded using DHB mixed with different amounts of (¢) CNPs and (d) GNs

results, such differences may be attributed to the source of
RNase B samples and the measurement uncertainties inherent
to the methods utilized. Moreover, the extensive fragmentation
observed at higher concentrations of CNPs and GNs increased
the abundance of HexNAc2Hex5 relative to other structures.
The CNPs and GNs data are comparable to the NMR data,
suggesting the applicability of the proposed matrices.

The results indicated that the degree of ISD fragmentation
could be modulated by adjusting the concentration of CNPs or
GNs added to the matrix. Figure 4a shows the obtained MS
profile of N-glycans derived from 1 pg of RNase B, using
0.5 ug of CNPs as a co-matrix with DHB, which is sufficiently
efficient to cause abundant cross-ring and glycosidic bond
fragmentations with substantial intensities. The commonly ob-
served Y-, B-ion series was present in addition to an A- and X-
ion series, as well as some C-ions, for each of the five high
mannose structures in the spectrum. Overall, the ions resulting
from cross-ring fragmentation were more intense compared to
those resulting from the cleavage of glycosidic bonds. The
fragmented “*As ions corresponding to the five high mannose
structures are indicated in Figure 4a, as an example. The
abundant A- and X-type ions are very informative for the study
of linkages, for instance, A-type ions allow the distinction
between a(1-4)- and o(1-6)-linked isobaric structures [39].

The ability to control ISD fragmentation allows the acqui-
sition of pseudo-MS? experiments on instruments that do not
have MS" capabilities. Pseudo-MS? analysis is shown for m/z:
1096.3 (Figure 4b), 1318.4 (Figure 4c), 1156.3 (Fig. S5a), and
1036.3 (Fig. S5b), as representative ISD fragmented ions.
Several ions corresponding to the fragmentation of the ions of
interest were observed, with a relatively high signal to noise
ratios, an aspect beneficial for structural analysis. Furthermore,

it has previously been reported that ISD produces some low-
intensity fragment ions when DHB is used as a MALDI matrix
[31]. However, our results indicated that no peaks were ob-
served in the pseudo-MS? profiles when the experiments were
repeated using DHB. This further supports the hypothesis that
CNPs and GNs may prove useful for pseudo-MS?® structural
characterization experiments.

Utility of the Binary Matrices for Various Types
of Glycan Compounds

The applicability of the CNPs and GNs as MALDI matrices
was further studied by investigating their efficiencies for the
analysis of fetuin native glycans (a model glycoprotein con-
taining sialylated glycans) and permethylated glycans derived
from RNase B and fetuin. According to previous studies, direct
analysis of native sialylated glycans is difficult, as the negative
charge of sialic acid reduces the ionization efficiency in
positive-ion mode and the non-derivatized sialic acid residues
are often lost due to in- and post-source decay [19, 40]. Al-
though negative-ion mode MS is proposed as an alternative
option for MALDI analysis of native acidic glycans, it has been
demonstrated that the sensitivity of sialylated glycans is at least
10 times less than neutral glycans when using DHB as a matrix
[41]. The negative-ion mode MALDI-MS analysis results of N-
glycans derived from 500 ng of fetuin using DHB as a matrix,
exhibited weak signals with half of the glycan structures miss-
ing (Figure 5a), confirmed low ionization efficiency of the
matrix. In contrast, MALDI-TOF mass spectra obtained in
negative-ion mode under similar experimental conditions using
CNPs and GNs as co-matrices are shown in Figure 5b and Fig.
S4a. As can be seen, six glycan peaks originating from fully
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Figure 4. (a) MALDI-TOF-MS profile of N-glycans derived from 1 pg of RNase B using 10 pg DHB+ 0.5 pg CNPs. Underlines
indicate the five intact high mannose structures and the arrows designate the fragmented %2As ions corresponding to the five high
mannose structures. (b) MS/MS spectrum of the ISD fragmented ion at m/z = 1096.3 and (¢) MS/MS spectrum of the ISD fragmented

ion at m/z=1318.4. Symbols as in Fig. 2

and partially sialylated glycans were clearly detected as [M-
H]', [M+Na-2H] ', [M-H] !, [M+Na-2H] ', [M + 2Na-
3H] !, and [M+3Na-4H] ', respectively. These are the N-
glycan structures known to exist in fetuin, and the intensities
of their respective signals reflect the relative abundances in
which they are commonly encountered [33, 42]. These results
demonstrate that the proposed matrices are beneficial to the
laser desorption/ionization process, which enhances measure-
ment sensitivity in both positive- and negative-ion modes.

To date, permethylation is considered one of the most
common derivatization methods in MS-based glycomic analy-
ses [16, 33, 34, 43]. The procedure improves sensitivity in
positive-ion mode by enhancing ionization efficiency and also
substantially increase the stability of sialylated glycans. MS
profiles of permethylated glycans derived from 100 ng of fetuin
and RNase B were investigated to examine the performance of
CNPs and GNs for the analysis of permethylated glycans
(Figures 5 and S6). Although the signal intensities and the
number of detected glycans were improved for permethylated
glycans using DHB (Figures 5c, e), the signal intensities further
increased by several orders of magnitude for both high man-
nose (Figures 5d and S4b) and sialylated glycans (Figures 5f
and Séc) using CNPs or GNs as co-matrices.

The effect of CNP and GN concentrations was also inves-
tigated for permethylated glycans derived from RNase B as a
model (Fig. S7). Similar to the native glycans, the signal

intensities improved by increasing the amount of CNPs and
GNs; however, no obvious fragmentations were detected at
higher amounts of CNPs or GNs. According to the Asakawa
et al. [44], the ISD fragments produced by hydrogen abstrac-
tion from the hydroxyl group of native glycans, create
hydrogen-deficient glycan [M—H]-, prompting subsequent rad-
ical induced cleavage. The signal intensities were increased
sharply up to the using 0.1 pg of CNPs or 0.25 ug GNs as
co-matrix and reach almost plateau at higher concentrations of
nanomaterials. Moreover, the relation between the concentra-
tion of permethylated glycan and signal intensity was tested
using RNase B (Fig. S4b). The data fitted to the polynomial
curves for premethylated glycans derived from 1 ng to 1 pg of
RNase B.

Salt Tolerance of CNPs and GNs

Most biological samples contain a high concentration of
salts which may affect ionization efficiency and suppress
signal intensity in MALDI-TOF-MS analysis. Therefore, to
enhance sensitivity in glycan profiling, purification and
desalting of biological glycan samples are necessary prior
MALDI analyses. Due to the unique interaction of carbon
materials with both native and permethylated glycans, in-
cluding hydrophobic, polar, and ionic interactions, they
have been demonstrated to be an excellent class of sorbent



1898 A. Banazadeh et al.: MALDI MS of Glycans Using Nanoparticles and Graphene

1051.3
= e
n .
Q 8
N &
1500 2000 2500 3000 3500 4000 999 1602 2205 2808 3411 4014
Mass (m/z)
Mass (m/z) .
() <V = (d)
: a 100 : : 9757.2
100] « |2 2120.6 3 s o ’
> 19's ¢ . 090 2 “r o2 . N
2 v sas e e ‘s M ’ 113
g v § Y 0y “ E - 1y :...‘_ sep
£ R . . : £ . e Uow Y
N - * o LI o B . 3 » & . N
< (=] o o~ o~
=3 N o~ ~ ;
15 w = l \ | L 3
| VO [\ L l N LEEEN Al a - A |
1500 1700 1900 2100 2300 2500 1500 1700 1900 2100 2300 2500
Mass (m/z) Mass (miz)
(e) 23 (f) 113
- Q manw
1 100 54 3 PRy 2891.4
. s v er
z z SRR £ B Ty
2 2 os ¥ L
2 2 13 = X b N .
£ £ "N . 8 [] © 2 !
® ® L & 5 i 3
3 N
i ) 8
1999.0 2602.8 3206.6 3810.4 4414.2 5018.0 1999.0 26028 3206.6 38104 4414.2 5018.0
Mass (m/z) Mass (m/z)

Figure 5. MALDI-TOF-MS profiles of (a) N-glycans derived from 500 ng of fetuin using 10 pg DHB, (b) N-glycans derived from
500 ng of fetuin using 10 ug DHB+ 0.025 CNPs, (c) permethylated N-glycans derived from 100 ng of RNase B, using 10 ug DHB, (d)
permethylated N-glycans derived from 100 ng of RNase B, using 10 ug DHB+ 0.025 CNPs, (e) permethylated N-glycans derived
from 100 ng of fetuin using 10 ug DHB, (f) permethylated N-glycans derived from 100 ng of fetuin, using 10 ug DHB+ 0.025 CNPs.

Symbols as in Fig. 2

2z 101
S i;l
L
(a) - E : - = o
100 s E
] 11 : LI ! 3549.3
B Y £ 2 & RE Poaas I A
5 $ g ‘ fes uas 2 B S 4
£ ' S - B A o 1 : :
S 3 2383 2 g & 3 § 3
L LI WA
a A o " " Y _.l bk A A .AL A
1500.0 2203.2 2906.4 Mass (miz) 26096 4312.8 5016.0
100 3481.0
> ;
= i
S :
K] :
E :
= |
lo
'3
ok ' ! ! ! B : i g
999.0 1802.4 2605.8 3409.2 4212.6 5016.0

Mass (m/z)

Figure 6. MALDI-TOF-MS profiles of purified and extracted permethylated glycans using CNPs, derived from (a) 0.8 ug mixture of
RNase B, fetuin, and AGP with a 1:2:5 weigh ratio, respectively, (b) 10 pl of human blood serum. Symbols as in Fig. 2



A. Banazadeh et al.: MALDI MS of Glycans Using Nanoparticles and Graphene

materials for glycomic studies [45, 46]. The performance of
CNPs and GNs was investigated for the profiling of glycan
samples with high salt concentrations. For this purpose,
both the native and permethylated glycan solutions were
desalted via drop dialysis and liquid-liquid extraction, re-
spectively, to remove salts that may have originated from
buffers and/or derivatization reagents. NaCl was then added
to the glycan samples, at predetermined concentrations,
prior to the CNP and GN extraction process. Figure S8
depicts the MS profiles of native and permethylated glycans
derived from RNase B, containing 500 mM NacCl, purified
and extracted using CNPs (Figs. S8a and S8b) and GNs
(Figs. S8c and S8d). All five of the RNase B glycan peaks
were identified, confirming the high salt-tolerance capacity
of CNPs and GNS as well as their enrichment and ionization
ability. Moreover, as was shown in Fig. S8e, when DHB
was used as a matrix, in the presence of 500 mM NaCl,
signal intensity sharply decreased with three of the RNase B
glycan structures undetected, demonstrating the weak salt
tolerance of the matrix.

Due to the use of NaOH during the permethylation
process, salts are always introduced into permethylated
glycan samples, which results in poor MALDI ionization
efficiency. Our data also confirmed the utility of CNPs and
GNs for the direct analysis of permethylated glycans with-
out the need for salt removal via liquid-liquid extraction.
The results are shown in Figs. 6a and S9a for CNPs and
GNs, respectively. As can be seen, all of the high man-
nose, sialylated, and fucosylated glycans were detected
with an acceptable signal to noise ratios in the solution
containing unpurified permethylated glycans derived from
RNase B, Fetuin, and AGP. Again, confirming the dual
capability of CNPs and GNs as enrichment adsorbents and
MALDI matrices that offer an effective and fast technique
for the detection of glycan molecules, while simplifying
the process of sample pretreatment and isolation.

The performance of the CNPs and GNs was further inves-
tigated using human blood serum, as a complex biological
sample. Human blood serum contains proteins with sophisti-
cated glycosylation and its profiling plays an essential role in
biomarker discovery and disease diagnosis and prognosis.
MALDI-MS profiles of permethylated glycans derived from
human blood serum samples, using CNPs and GNs for extrac-
tion and purification as well as co-matrices, are illustrated in
Figures 6b and S9b. Similar patterns were observed, with 57
glycan structures confidently detected. In comparison with
previously reported results for glycan profiling by MALDI
analysis [47], the number of detected glycans substantially
increased, mainly due to the high purification and ionization
efficiencies of carbon nanomaterials.

Conclusion

In summary, CNPs and GNs were successfully used as MALDI
matrices or co-matrices for glycan profiling of three diverse
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glycoproteins and human blood serum. Several advantages
were observed that demonstrated their great potential to absorb
glycans for purification and to act as an excellent medium for
the transfer of laser energy to glycan analytes for MALDI-MS
analyses. The aforementioned advantages include low back-
ground interference, improved signal intensities, high salt tol-
erance capacity, and enhancement of shot-to-shot reproducibil-
ity. CNP and GN concentrations can be adjusted to easily
control the degree of glycosidic and cross-ring fragmentation.
This level of control allows for comprehensive structural anal-
ysis through the simultaneous study of intact and fragmented
glycans, as well as pseudo-MS® analyses.
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